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In this work, TiO2 deposition on RuO2 nanorods with reactive sputtering was studied. The TiO2
deposition was performed in situ after the RuO2 nanorod deposition at the same substrate
temperature of 450 °C. The morphology examination and structure analysis have indicated a
uniform and pure rutile TiO2 deposition on RuO2 nanorods. High-resolution transmission electron
microscopy images also revealed an epitaxial growth of TiO2 on RuO2 nanorods. Such a
low-temperature fabrication technique for one-dimensional 1D heteronanostructure may apply to
other functional materials. Since RuO2 is a good electric conductor, 1D heteronanostructures made
from RuO2 nanorods are expected to exhibit enhanced functionality particularly in electrical and
electrochemical applications. © 2006 American Institute of Physics. DOI: 10.1063/1.2166481Over the past decade, a great variety of materials have
been synthesized successfully into one-dimensional 1D
nanostructure using techniques, such as template-assisted
synthesis, chemical reaction, and vapor-liquid-solid
approach.1,2 Due to their high aspect ratio and possible quan-
tum size effect, 1D nanostructured materials are finding ap-
plications in various fields, such as the gas sensing, field
emission, and light-emitting devices.3–5 More recently, the
technology has advanced to deposit various materials using
1D nanostructures as templates.6,7 Such an approach not only
provides a convenient way to fabricate 1D nanostructures
from materials that are difficult to fabricate into 1D form by
themselves, but also paves the way to synthesize 1D hetero-
nanostructures. 1D heteronanostructure made with this ap-
proach has been shown with enhanced functionality; for
example, room-temperature ferromagnetism of
Co0.05Ti0.95O2@SnO2 nanotapes,8 magnetoresistance of
La0.67Ca0.33MnO3@MgO nanowires,9 catalytic property of
ZnO@In2O3 naorods,10 and luminescence of GaN@GaP
nanowires.11
Recently, we have fabricated RuO2 nanorods success-
fully using reactive sputtering. RuO2 nanorods grown with
this technique are perfect single rutile crystals with an atomi-
cally sharp facet surface. Since RuO2 is a good electric con-
ductor 40  cm, depositing other functional materials
on RuO2 nanorods to form 1D heteronanostructures may find
a great use in electrical and electrochemical applications.
Here, we report a heteroepitaxial growth of rutile TiO2 on
RuO2 nanorods. The rutile phase of TiO2 has the lattice con-
stant proximate to that of RuO2 TiO2:a=0.459 33 nm, c
=0.2956 nm; RuO2:a=0.449 94 nm, c=0.310 71 nm. It is
also a well-known functional oxide for photocatalysis, gas
sensing, and recently discovered to be a potential substrate of
dilute magnetic semiconductor.12–15 Owing to the proximate
lattice constant and identical crystal structure, we show that a
heteroepitaxial growth of rutile TiO2 on RuO2 nanorods may
take place at a temperature as low as 450 °C.
The growth of TiO2 on RuO2 nanorods was carried out
in a dual-gun radio-frequency sputtering system using pure
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tion of RuO2 was first performed on SiO2/Si substrates in the
mixed atmosphere of Ar 10 sccm and O2 10 sccm using
the working pressure of 10 mTorr, working power of 20 W,
and substrate temperature of 450 °C. Followed with the
deposition of RuO2, TiO2 was in situ deposited on RuO2
nanorods in the same condition except that the working
power was raised to 150 W to maintain reasonable deposition
rate of TiO2.
FIG. 1. SEM images of RuO2 nanorods a before and b after TiO2
deposition.
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DownlThe morphology of TiO2 on RuO2 nanorods was exam-
ined with scanning electron microscopy SEM JEOL JSM-
6500F, and the overall structure information was obtained
with x-ray diffraction XRD using Cu K radiation 
=1.540 56 Å Rigaku. Detail structure identification and
composition analysis of individual nanorods was also per-
formed with high-resolution transmission electron micros-
copy HRTEM JEM-3000F and energy dispersive X-ray
spectroscopy attached.
Figure 1a shows the cross section view of RuO2 nano-
rods before TiO2 deposition. As illustrated, RuO2 nanorods
are densely and uniformly populated on the SiO2/Si sub-
strate. Although RuO2 nanorods are straight and faceted, they
are randomly oriented with different length and width that
can be up to 5 m high and 100 nm thick. The figure also
suggests that RuO2 nanorods are resulted from the free
growth of some nuclei initially formed on the substrate.
These nuclei may possess facets on which RuO2 incorpora-
tion rate is exceedingly higher than the average growth rate
of nuclei.
Figure 1b shows the cross section view of RuO2 nano-
rods after TiO2 deposition. Compared to the previous figure,
RuO2 nanorod is no longer straight but bends smoothly into
an arc. The bending may be ascribed to the shadowing effect
of TiO2 deposition and the misfit of thermal expansion be-
tween TiO2 and RuO2. The former also explains no appre-
ciable accumulation of TiO2 at the root of nanorods. It is
however interesting to note that most nanorods seem to re-
main the same width from the root to top, indicating a uni-
form TiO2 deposition along the entire RuO2 nanorod.
Figure 2 is the XRD patterns derived from RuO2 nano-
rods with TiO2 deposition for various lengths of time. In the
XRD pattern of bare RuO2 nanorods, three peaks corre-
sponding to 110, 101, and 211 diffraction of rutile RuO2
are clearly visible. Compared to the RuO2 powder diffraction
data shown in JCPDS 43-1027, peak intensity of 101 de-
rived is abnormally higher than that of 110, which signifies
the nanorod growth is not perfectly random. By increasing
TiO2 deposition, peak intensity of 110 diffraction also in-
creases, while 101 diffraction reduces its intensity and fi-
FIG. 2. XRD patterns of RuO2 nanorods deposited with TiO2 for various
lengths of time.nally splits into two. Besides that, no other diffraction was
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the TiO2 deposited on RuO2 is pure rutile. Between the rutile
TiO2 and RuO2, the lattice mismatch along the a axis
2%  is smaller than that along the c axis 5% . The
smaller misfit along the a axis coupled with the lower dif-
fraction angle makes 110 diffraction from TiO2 and RuO2
indistinguishable; consequently, 110 diffraction is intensi-
fied as TiO2 deposition increases. In contrast, larger misfit
and a higher diffraction angle makes the split of 101 dif-
fraction visible with the TiO2 deposition.
Figure 3a is the transmission electron microscopy
TEM image of RuO2 nanorods deposited with TiO2. The
bending of nanorod caused by preferential deposition of
TiO2 is clearly visible. Composition line scan analysis across
the nanorod indicated that TiO2 was, in fact, deposited on
every facet except the convex side of RuO2 nanorod. Since
TiO2 is on the concave side of nanorod, it is also clear that
TiO2 must have a larger thermal expansion coefficient than
RuO2. The bending also causes the distortion of electron dif-
fraction as shown in the inset of the figure. Nevertheless, the
simple spot pattern strongly suggests that the TiO2@RuO2
nanorod still remains a single crystal form. Figure 3b is the
TiO2 lattice image across the edge of one RuO2 facet re-
corded with HRTEM. In the figure, TiO2 above and below
the edge was grown on different RuO2 facet. Nevertheless,
the TiO2 lattice image runs across the edge smoothly, indi-
cating that TiO2 below and above the edge is from the same
crystal. This confirms the epitaxial growth of TiO2 over the
FIG. 3. a TEM images of a single TiO2@RuO2 nanorod. b TiO2 lattice
image across the edge of one RuO2 facet.RuO2 nanorods.ense or copyright; see http://apl.aip.org/about/rights_and_permissions
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DownlIn summary, we have shown the in situ eptiaxial growth
of rutile TiO2 over the RuO2 nanorods in this work. Owing
to the proximate lattice constant and identical crystal struc-
ture, the heteroepitaxial growth of rutile may take place at a
temperature as low as 450 °C. This work also demonstrates a
low-temperature fabrication technique for 1D heteronano-
structure. Since RuO2 is a good electric conductor, functional
material deposited on RuO2 nanorods are expected to exhibit
enhanced functionality particularly in electrical and electro-
chemical applications.
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